Abstract. The aim of the present study was to evaluate the efficacy, safety and tolerability of local treatment of liver metastases of various types of cancer using brachytherapy with computed tomography (CT) imaging. Retrospective analysis of 61 patients with unresectable hepatic metastases treated with CT-guided interstitial high dose rate (HDR) brachytherapy of the liver between April 2014 and December 2016 was performed. Patients were treated with a single fractional dose of 15-25 Gy. Statistical analysis was performed on local relapse free survival (LRFS), progression free survival (PFS) and overall survival (OS) rates across the group. In the 6 and 12-month follow-up periods, the 6-and 12-month LRFS rates were 88.7 and 70.7%, PFS rates were 78.1 and 53.8% and the OS rates were 96.7 and 79.6%, respectively. In the Cox regression analysis, the 100% isodose was a statistically significant predictor of LRFS (P= 0.01) and PFS (P= 0.02), but it was not significant in OS (P= 0.07). The 90% isodose was a statistically significant predictor of LRFS (P= 0,03) but not significant in PFS (P= 0.17) or OS (P= 0.25). In all patients, no serious complications were observed. Overall, 30% of patients experienced pain at the injection site, and 50% exhibited nausea or vomiting. In 2 patients, minor subcapsular bleeding occurred without clinical significance, and 1 patient was diagnosed with a pneumothorax that was not clinically significant. Brachytherapy HDR with CT imaging is an effective and safe method of local treatment of liver metastases. The effectiveness of the treatment is probably dose-dependent, and increases with increasing dosage.
Introduction
The liver is one of the most common sites for tumor metastases in different types of cancer, including colorectal cancer, lung carcinoma, ovarian cancer, melanoma, breast carcinoma and esophageal and urogenital tumors (1, 2) . This organ is a site of metastasis in 25% of metastatic cancers (3) . In Western countries, metastases are the most common type of malignant neoplasms in the liver (3) . The analysis of the postoperative course in patients following resection of colorectal cancer reveals that liver metastases occur in 40-60% of patients (2) . The local treatment of secondary liver cancer is based on surgical interventions. Surgery is the main curative treatment for both primary and secondary liver cancer, however, it is feasible in only 20-30% of cases (4) . Local non-surgical methods of liver cancer treatment include radiofrequency ablation, transarterial radioembolization and chemoembolization, cryotherapy (cryoablation), electric pulses (electroporation), laser therapy and various radiotherapy methods (5, 6) . Radiation therapy is primarily administered as stereotactic teleradiotherapy and three-dimensional conformational radiotherapy (7) . In previous years, image-guided brachytherapy has become increasingly popular (8, 9) . This is due to the possibility of administering high radiotherapy doses to the tumor region, while maintaining a low dose in the remaining healthy liver tissue. This allows for an escalation of the radiation dose above the mean tolerance dose for the whole liver, whilst maintaining local control of the irradiated metastases.
The present study describes the initial results of treatment with the use of liver brachytherapy in the St John's Cancer Center of Lublin (Lublin, Poland), and involved a preliminary retrospective analysis. The aim of the present study was to evaluate the local recurrence-free survival (LRFS), disease-free survival (DFS) and overall survival (OS) rates of the patients. Safety, tolerability, adverse events and the technical feasibility of performing an interstitial liver brachytherapy were evaluated. Inclusion criteria. The following inclusion criteria were used to identify patients qualifying for the brachytherapy treatment: Metastatic lesions with a diameter <8 cm; total lesion diameter, <12 cm; number of metastatic lesions, <4; a lack of direct proximity of large vessels to the lesions; age, 18-85 years; histologically diagnosed cancer from primary lesions or metastatic lesions; lack of possibility of surgical treatment; lack of efficacy of chemotherapy (first and second line chemotherapy); failure and/or intolerance of chemotherapy; lack of patient consent for chemotherapy; the performance status of the patient based on World Health Organization scale (11), <2 or Karnofski performance status (11) >60%; serum creatinine level, ≤2 mg/dl; hemoglobin level, >8 g/dl-grams per decilitere; white blood cell count, >2,000/mm (12) . Depending on the size of the tumor, an adequate number of catheters were inserted so that the entire volume of the tumor was covered during brachytherapy (Fig. 1) . The positioning of the catheter was performed with CT scans with the simultaneous administration of a single-dose intravenous iodinated non-ionizing intravenous contrast agent (Ultravist 370, Iopromidum 768, 86 mg/ml). Treatment planning was performed using the Brachyvision (version 10; Varian Medical Systems, Inc.) treatment planning system. An Iridium-192 source with a diameter of 0.6 mm and an average activity of 10 Ci was used. The treatment was performed with a 24-channel GammaMedPlus™ iX (Varian Medical Systems, Inc.).
Materials and methods

Group
Treatment planning and dosimetry analysis.
The clinical target volume included all metastatic changes visualized by CT examination with contrast on the day of application or images of metastasis resulting from fusion CT with contrast and magnetic resonance imaging (MRI) with contrast. The reference dose ranged from 15-25 Gy, depending on the ability of the patient to accept a treatment plan for tolerance of the organ at risk, determined based on published literature previous experience (13) . The primary critical organ was the remaining healthy liver tissue. The limit was set to not exceed a 5 Gy dose in 2/3 of healthy liver tissue (D 2/3 <5 Gy) (Fig. 2) .
Follow-up treatment. In the post-treatment period, patients underwent periodic imaging studies including CT or MRI scans (4-6 times/year). To evaluate treatment response, RECIST 1.0 criteria were used. In certain patients, due to difficulties in interpretation of the CT image, MRI was also performed. Patients were also evaluated for early treatment toxicity using the Common Terminology Criteria for Adverse Events (CTCA) scale ver. 4.0 (14) . Due to the short duration of the study, no late toxicity was assessed.
Statistical analysis. Dosimetry data are presented in mean ± standard deviation and median (full range). Survival analysis was performed using a Kaplan-Meier survival analysis. Cox's proportional regression analysis and χ 2 were used to analyze prognostic factors (dose in 90 and 100% isodoses, the effects of chemotherapy and the location of the primary tumor) with local relapse free survival (LRFS), progression free survival (PFS) and overall survival (OS) rates as endpoints. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed in MedCalc Statistical Software version 17.9.7 (MedCalc Software bvba, Ostend, Belgium).
Results
Dosage and treatment planning. Within the group of 61 patients undergoing brachytherapy, 73 metastases were treated. Doses of ≥20 Gy were administered to a group of 37 patients (61%); a lower dose (15 Gy) was administered to the rest. The dose was selected based upon the tolerance of the critical organs. ). The primary critical organ was the remaining healthy liver tissue. The dose in 2/3 of normal liver volume (D 2/3 ) was measured. The mean D 2/3 was 1.9±1.2 Gy, and the median D 2/3 was 1.5 Gy (0.3-4.9 Gy).
Follow-up.
In all patients, the mean follow-up time was 12.6±5.4 months, and the median follow-up time was 11 months (3-25 months). During the whole period of observation, progression of the treated cancer lesions was observed in 18 patients (29%). It occurred in individual patients, on mean, after 10 (4-23) months of observation. The probability of 6-month LRFS was 88.7% in the whole group, and the 12-month LRFS was 70.7% (Fig. 3) . During the follow-up period, disease progression was observed in 35 patients (57%), and was defined as progression of the treated lesion, or the progression or appearance of other metastatic lesions. The probability of 6-month PFS was 78.1% and 12-month PFS was 53.8% (Fig. 4) . During the follow-up period, 15 patients succumbed to the cancer (24.6%). The rate of 6-month OS (6-month overall survival) was 96.7%, and of 12-month OS was 79.6% (Fig. 5) .
In the Cox regression analysis, D 100 was a statistically significant predictor of LRFS and PFS, but it was not significant in OS. D 90 was a statistically significant predictor of LRFS but it was not significant in PFS and OS. Lower doses (D 90 lower than 20 Gy and D 100 lower than 15 Gy) caused a deterioration of LRFS. Chemotherapy and localization of cancer were not significant predictors of outcome (Table II) .
Early toxicity of treatment. Complications following brachytherapy of liver metastases may result from the application of the treatment itself, and the effects of radiation on liver function (15) . In all the patients, no serious complications (>grade 2 CTCA) were observed. Complications associated with the application process are presented in Table III . There were no adverse effects of radiation on liver function in the form of clinical symptoms or worsening of liver biochemical parameters, including levels of alanine transaminase, aspartate transaminase or bilirubin.
Discussion
Brachytherapy under CT control has been described as a safe and effective method for the treatment of primary and secondary liver lesions (13, (16) (17) . In the present study, brachytherapy under CT as a palliative method of treating liver metastases was demonstrated to be an effective and safe method for the patient and a technically feasible procedure. In an initial study, Ricke et al (13) achieved 6-month local control at a rate of 87% using 10-20 Gy doses. Subsequent studies also indicated good local control: In a phase II clinical study including patients with metastatic breast cancer (18) , rates of local control were 97, 93.5 and 93.5% for 6, 12 and 18 months, respectively. In these patients, the 6-, 12-and 18-month PFS rates were 53, 40 and 27%, respectively, and the 6-, 12-and 18-month OS rates were 97, 79 and 60%, respectively (18) . Analysis of metastases in other primary sites also generated excellent results. Wieners et al (19) , who studied metastatic cancer of the pancreas, identified local recurrence in only 10% of patients. Schippers et al (20) , who analyzed neuro- (20) , who analyzed neurogenic neoplasm metastases, only 11% of local recurrence was observed. Similarly, Bretschneider et al (21) , who examined melanoma metastasis, obtained a local control rate of 90%. In the present study, the 6-and 12-month LRFS rates were 90 and 64%, respectively. These results were similar to the initial results in German centers, including the Radiology and Nuclear Medicine Clinic (Magdeburg) that have extensive experience in this type of treatment (13, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) 22) . In the present study, the 6-and 12-month OS rate was high (97 and 80%, respectively). It should be considered, however, that chemotherapy, which was applied following brachytherapy in 39% of patients, may have affected the OS rates.
Literature analysis indicated that good local control could be achieved at doses in the range of 15-25 Gy; however, in a number of previous studies there were no precise dosimetric data, and it is unclear which isodose was used (16) (17) (18) (19) (20) (21) . The majority of studies indicated that there was a marked dose dependence and no local recurrence after D 100 20.4 Gy (22) . Dose dependence in the range of 15-25 Gy was not identified in cases of hepatocellular carcinoma: Local control in these cases was high, at 94% (24) . The analysis of the data from the Cox regression model of the present study indicated that local control of the tumor following brachytherapy depends on the dose in the D 90 and D 100 range. The treatment efficiency increases with increasing doses.
In the analyzed group, the majority of patients were those with the primary cancer lesion located in the gastrointestinal tract; only 15 patients had other primary tumors. There were no statistically significant differences in prognosis between these groups, but this may be due to the small number of patients in the groups. The data from previous studies indicate a similar prognosis for primary cancer of the pancreas, stomach or kidney, or in melanoma or neuroendocrine tumors (19) (20) (21) 24, 25) . However, these results should be treated with caution as they are based on retrospective data, and not on a large number of patients.
The data from the literature also indicated a good tolerance and low toxicity of treatment. Ricke and Wust (22) described pain and nausea in patients, mostly at grade 1 and 2 on the CTCA scale, with <1% at grade 3. The authors identified pneumothorax in 10% of cases, CTCA grade 2 hemorrhage in 3% of cases, gastric and duodenal ulcers in 1% of cases and liver abscesses in 1% of cases. In the phase II study conducted by Wieners et al (18) , only 1.5% of patients exhibited severe hemorrhagic complications. Similarly, in the Indian study, no significant complications were identified.
Similar results were identified in the patient cohort. The toxicity of treatment was low, with the majority at grade 1. None of the patients exceeded the dose of 5 Gy in 2/3 healthy liver tissue, and the dose in 1 cm 3 of the stomach or duodenum was <15 Gy, which is consistent with data from the literature (21-22,26) . No biochemical evidence of liver toxicity was identified in the analyzed group, in the form of elevated liver enzymes, which is consistent with previous analysis (15) . Lack of toxicity in grade 3 indicates good tolerance of treatment, similar to stereotactic radiotherapy (27) .
One limitation of the treatment technique is the size and location of the lesion. The patients with lesions <8 cm were eligible for treatment, similar to the criterion used by Ricke et al (13) . Owing to the potential risk of bleeding, patients whose metastatic lesions were located in the proximity of large vessels were not eligible. On the basis of the analyzed group of patients, it could be concluded that the liver brachytherapy technique is relatively easy to administer, taking into account compliance with the qualification criteria. Another limitation of this study was the analysis of singular groups in which the number of patients was small.
Brachytherapy of liver metastases is an effective method for local metastatic treatment. The effectiveness of the treatment is probably dose-dependent, and increases with increasing dosage. This treatment is well-tolerated and the toxicity of brachytherapy is negligible. 
